In this paper, enantioselectivities of D-amino acid oxidase (DAAO) 
Introduction
As potential environmentally benign "green" solvents, ionic liquids (ILs) have garnered much attention. It is widely acknowledged that ILs are compounds that are composed only of ions but still exist in the liquid state at ambient conditions.
1
Due to their favourable features, such as excellent ability to dissolve a variety of solutes, ILs are being considered as leading substitutes of conventional organic solvents. 2, 3 To perform enzymatic reactions in ILs can be promising because of their unique properties, particularly their physicochemical properties can be nely designed by appropriate combination of the cationic and anionic parts. Furthermore, these ions display a wide range of varied physicochemical properties which can signicantly increase substrate specicity, improve enzyme selectivity or enhance the enzyme activity or stability. 4, 5 In view of ILs' excellent properties for use as reaction solvents, extensive studies of biocatalytic reactions using ILs have been carried out. Up to date, substantial studies have focused on the role of ILs in enzymatic reaction either as the reaction media or as the extraction phase. 2, 6 The correlations between ionic constituents as well as the alkyl chain length of ILs and enzymatic activity and stability have been analysed in detail. 3, [7] [8] [9] The enzymatic behaviours have been improved in ILs (higher enantioselectivity and better recoverability and recyclability) due to high conversion rates. [10] [11] [12] [13] Interestingly, enzymatic reactions in the presence of ILs have provided useful information on the enzymes exibility and stability, enzyme inhibition, behaviour of enzyme. 14, 15 In general, by optimization of the type and concentration of ILs, utilization of ILs as co-solvents greatly enhances the enzymatic activity and stability. However, little attention has been devoted to the control of substrate enantioselectivity. Only recently had the stereoselectivity and enantioselectivity of several enzymes in the presence of ILs began to be studied and investigated by several research groups.
10-12
Enantiocomplementary enzymes favor opposite enantiomers because either the substrate or the active-site machinery is oriented differently. 16 In an oxidation example, the active site of D-amino acid oxidase (DAAO) is a mirror image of that of Lamino acid oxidase (LAAO). Both enzymes catalyze amino acid oxidation, but with opposite enantiomer preference. 17 However, there are some exceptions to this rule. For example, the LAAO from Bacillus carotarum 2Pfa accepts 10 L-amino acids and 7 Damino acids as substrates (ie, D-Leu, D-Lys and D-Ser).
18 Also, catalytic oxidation of L-Pro by DAAO at high concentrations has been conrmed. 19 Moreover, it is acknowledged that the alteration of enzyme enantioselectivity can be achieved by reaction temperature, 20 biomimetic encapsulation, 21 directed evolution, 22 site-directed mutagenesis. 23, 24 In addition, our recent work has shown that the DAAO can catalytically oxidize many L-amino acids by modulating pH of aqueous solution.
25 Especially, there is only 15.99-fold (pH 8.0) and 14.18-fold (pH 9.8) drop for the enantioselectivity (k cat,D-AA /k cat,L-AA ) of Pro and Ala, respectively. In contrast, it's reported that the initial rate of enzymatic deamination for D-amino acids is found to exceed that for L-amino acids by 3000 to 4000-fold under physiological condition.
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In the case of DAAO, Lutz-Wahl et al. 26 have compared the activity and stability of free and immobilized DAAO from Trigonopsis variabilis in different water-soluble and water-insoluble ionic liquids as well as inorganic solvents. 4 ]. However, the comparison of the enantioselectivity of DAAO was not reported in ILs yet. Altering enantioselectivity of DAAO has been regarded as one of the most remarkable topics in enzymatic reactions, since the stereochemical outcome of a given enzyme-substrate reaction is predetermined in specic target environment. Taking these ndings into consideration, a comprehensive study of enzymic enantioselectivity in aqueous solution containing different ILs is necessary, which will provide valuable information to understand the behaviour of enzyme in varied ionic liquids.
In the present work, the enantioselectivities of DAAO in presence of ten ILs were investigated in detail. In particular, we observed the enzymatic activity towards L-Ala in presence of [MIM] [COO] was sharply enhanced. Under optimization conditions of pH value and temperature in [MIM] [COO], the kinetic parameters were determined. Additionally, capillary electrophoresis, circular dichroism and uorescence analysis were undertaken to support the results. The present review intends to show the modulation of enantioselectivity of DAAO by ILs, and provide mechanistic insights into how different factors contribute to the relaxation of enzymatic enantioselectivity by effect of specic ion in various ILs.
Experimental

Regents and instruments
All L-amino acids, sodium 3,9-uorenylmethyloxycarbonyl (FMOC) and 5-dichloro-2-hydroxybenzenesulfonate (DHBS), imidazole, 3-methylimidazole, 4-aminoantipyrine (4-AAP), were purchased from J&K Scientic. D 
Circular dichroism (CD) spectroscopy
CD spectroscopic studies were performed using a Jasco-815 spectrophotometer (Jasco, Japan) equipped with a Peltier system for controlling the temperature. The sample was preequilibrated at 25 C for 15 min and the scan speed was xed for adaptive sampling (error F 0.01) with a response time of 1 s and 1 nm bandwidth. The secondary and tertiary structures of DAAO were monitored by using 1.0 cm path length cuvette. The concentrations of DAAO were 0.4 mg mL À1 in 50 mM borate saline buffer (pH 9.0) containing 40% (v/v) IL. Each sample spectrum was obtained by appropriate blank media without DAAO from the experimental enzyme spectrum.
Fluorescence spectroscopy
Fluorescence measurements for DAAO were monitored using Jasco FP-750 instrument (Cremello, Italy) at 0.1 mg L À1 protein concentration in 50 mM borate saline buffer containing of various ILs (40%, v/v) (nal pH 9.0). The experiments were performed at 25 C by using a 1 cm sealed cell. Emission uo-rescence spectra of Trp were recorded between 300 and 400 nm, with excitation at 280 nm; avin emission were recorded from 475 to 600 nm, with excitation at 450 nm. A blank medium without enzyme was subtracted to eliminate inuence of the uorescence of the ILs and buffer components on the enzyme uorescence spectrum. Both the change in uorescence intensity and the shi in uorescence maximum wavelength were recorded to monitor the unfolding transition; each spectrum being an average of six spectra.
Computational details
The X-ray structure of Fig. 1 .
The activities of DAAO with L-Ala as substrate in various ILs were investigated. As summarized in Fig. 2 ) at pH 9.0. When pH value of [MIM] [COO] was above 9.0, the enzymatic activity of DAAO was sharply decreased. The enzymatic activity became almost negligible at pH 12.0. In view that temperature could inuence the solubility of the reactants and reaction rates, the enzymatic activities altered with the change of temperature. Similarly, the optimal temperature for DAAO activity towards L-Ala was determined in the temperature range from 20 C to 80 C, as shown in Fig. 3b . It's observed that Fig. 1 Structure of ILs used in this study. the activity of DAAO was enhanced with the increase of temperature, and the optimum temperature was about 37 C.
The enzymatic activity was gradually decreased with increase of temperature when the temperature was above 37 C. Thus, DAAO activities towards various amino acids were assessed under the optimal conditions (pH 9.0 and 37 C).
Then, the kinetic parameters were determined under the optimum conditions by analysis of Michaelis-Menten plots. DAAO showed a V max value of 6.1 AE 0.50 mM min (Fig. 4) Fig. S1 †) . As a consequence, it was concluded that the racemization of L-Ala did not occur during the reaction time in these experiments. Subsequently, the structure of DAAO in the presence of ILs was further studied to make clear the reason responsible for alteration in enantioselectivity. The protein conformation of DAAO before and aer [MIM] [COO] treatment was tested by CD spectrum analysis. Due to that a negative signal around 215 nm in CD spectrum was observed for DAAO in buffer, the conformation change of DAAO were monitored by the CD signal around 215 nm (taken as a reporter of the change in secondary structure). Changes in signal at 215 nm were shown in ESI S2d-i †) . The structural change was accompanied by a sharp decrease of activity, which was consistent with previous reports that IL may lead to the secondary structure collapse in enzyme.
30 But surprisingly, [MIM] [COO] didn't result in conformational alteration of DAAO (Fig. 5) , although [MIM] [COO] induced enhancement of DAAO activities towards L-amino acids.
Due to that there is a change in the maximum emission of Trp and avin with the change of solvent environment in proteins containing uorophore residues, thus different microenvironment surroundings of the uorophore residues of DAAO can be monitored by observing changes in the maximal intensity of uorescence (I max ) and the red shi of the maximal emission wavelength (l max ) of the Trp residues and avin of the protein.
31
To further explain the conformational change of DAAO in various ILs, uorescence analysis for DAAO in the presence of ILs was carried out. The uorescence spectra of DAAO aer treatment with 40% (v/v) ILs were illustrated in Fig. 6 l max of Trp, accompanied by a signicant increase in I max of Trp (ESI Fig. S3a †) and a sharp decrease in I max avin (ESI Fig. S3b †) . [COO] induces a tiny decrease in uorescence intensity of DAAO, without any changes in the maximum emission wavelength and the shape of uorescence spectra.
Structural study of DAAO in ILs
With the same anion, DAAO activity towards L-Ala in the existence of [MIM] [COO] was sharply improved compared to that of [MPy] [COO]. Previously, it's found that ILs comprising the Nmethylimidazolium group exhibits benecial effects on activity than the one embracing the N-methylpyridinium group with the same anion. 32, 33 The examination of DAAO activity in presence of imidazole and N-methylimidazole showed that there was no noticeable alteration in substrate specicity of DAAO (ESI Fig. S4 †) . Therefore, it's inferred that [MIM] + plays a critical role in the alteration of enantioselectivity. Data from CD and uorescence showed no noticeable collapse of secondary structures and changes in the enzyme conformation induced by [MIM] [COO] (Fig. 5 and 6) .
A close look at the active site structure of DAAO is necessary to understand the improved catalytic performance of DAAO modulated by [MIM] [COO]. The shape of the enzyme is a typical a/b fold (Fig. 7a) . The key residues in binding site that are responsible for the catalytic activity of DAAO are Tyr 224, Tyr 228, Arg 283, Gly 313 and Gln 53 34, 35 (Fig. 7b) . The rst step in oxidative deamination involves the nucleophilic attack of the hydroxyl group of Tyr 224 and Tyr 228 to the carbonyl carbon on the substrate to form an enzyme-substrate intermediate. The guanidine group of Arg 283 forms a salt bridge with a-COO À of the substrate. The amino group of substrate is hydrogen bind with hydroxyl group of Tyr 224 and the backbone carbonyl of Gly 313 and Gln 53 which also form hydrogen bonds with bound water molecules. 36 Moreover, D-Ala is tightly bound to the active site of the enzyme by noncovalent interaction, forming a quite stable transient intermediate. In contrast, the interactions of LAla with the enzyme were shown in Fig. 7c . The coordination positions of a-COO À are normally occupied by guanidine group from Arg 283, two hydroxyl group from the protein amino acid side chains of Tyr 224 and Tyr 228, and the amino group faces away from the carbonyl moiety of Gly 313 and Gln 53, thereby making the nucleophilic attack difficult (Fig. 7c) . Previous reports have shown that small structural changes in catalytic centre are important in biological and chemical processes. 37, 38 Water-miscible solvents can affect enzymatic performance by stripping off the essential water associated with the enzyme or penetrating into the micro-aqueous phase to interact with the enzyme by changing the protein dynamics, conformation and/or the enzyme's active site. 39 Since the reaction system has sufficient aqueous component, water stripping seems to be unlikely. Thus, a more direct interaction of the ILs with the enzyme may be responsible for the alteration in enantioselectivity.
We It is reported that the reaction of Ala catalyzed by DAAO rst dehydrogenates the amino acid to the corresponding imino acid, coupled with the reduction of FAD then hydrolyzes to the a-keto acid and ammonia. 40 Thus, the transfer of a-proton to FAD and the attack of H 2 O to a-amino group play key roles in catalyzed oxidization of amino acid. In buffer, L-Ala is tightly bound to the active site of the enzyme by noncovalent interaction, forming a quite stable transient intermediate, in which a-NH 3 group faces away from the carbonyl moiety. However, [MIM] cation can interact with surface residue (Tyr) through hydrophobic p-p interactions due to a permanent positive charge and a N-methyl group of the imidazolium ring, which agrees with the previous report that most of the cations interact with hydrophobic regions on the surface of the enzyme. 41 Thus, in presence of [MIM] [COO], the interaction between [MIM] cation and active site places L-Ala in a better attacking position to transfer of a-proton to FAD or the nucleophilic attack to the amino group by water.
In (Fig. 4) , indicates that a slight relaxation of active centre for the substrate induced by [MIM] [COO]. In addition, pH had a synergistic effect on the alteration substrate specicity of DAAO based the optimization of pH (Fig. 3a) . This was in consistent with our previous data that pH could mediate change in enantioselectivity of DAAO.
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Conclusions
In this study, the activities of DAAO towards L-Ala in presence of ten ILs were checked to evaluate the enantioselectivity of DAAO. tting into the binding pocket. Although the reason for the change of the activities of DAAO towards L-Ala need to be further explored, our investigation could offer a simple and effective method to predict the relaxation of the enantioselectivity of DAAO and thus guide the choice of a reaction system with the proper enantioselectivity.
